Soyer and Hogarth's article, "The Illusion of Predictability," shows that diagnostic statistics that are commonly provided with regression analysis lead to confusion, reduced accuracy, and overconfidence. Even highly competent researchers are subject to these problems. This overview examines the Soyer-Hogarth findings in light of prior research on illusions associated with regression analysis. It also summarizes solutions that have been proposed over the past century. These solutions would enhance the value of regression analysis.
For most of its history, regression analysis was a complex, cumbersome, and expensive undertaking.
Consider Milton Friedman's experience more than forty years prior to user-friendly software and the personal computer revolution. Around 1944, as part of the war effort, Friedman was asked to analyze data on alloys used in turbine engine blades. He used regression analysis to develop a model that predicted time to failure as a function of stress, temperature, and some metallurgical variables representing the alloy's composition. Obtaining estimates for Friedman's equation by hand and calculating test statistics would have taken a skilled analyst about three months labor. Fortunately, a large computer, built from many IBM card-sorters and housed in Harvard's air-conditioned gymnasium, could do the calculations. Ignoring time required for data input, the computer needed 40 hours to calculate the regression estimates and test statistics. Today, a regression of the size and complexity of Friedman's could be executed in about one second.
Friedman was delighted with the results; the model had a high R 2 and the variables were "statistically significant" at conventional levels. As a result, Friedman recommended two new improved alloys, which his model predicted would survive several hundred hours at high temperatures. Tests of the new alloys were carried out by engineers in an MIT laboratory. The result? The first alloy broke in about two hours and the second one in about three. Friedman concluded one should focus on tests of outputs (forecasts) rather than statistically significant inputs.
He also opined that "the more complex the regression, the more skeptical I am" (Friedman and Schwartz 1991) .
Given that doing regressions was expensive, it was sensible to rely heavily on a priori analyses. Opinions about the proper model (e.g., which variables are important) should not be based on opinions or untested ideas even though they may be offered by famous people. (The names Keynes and Samuelson spring to mind.) Instead, the evidence should be based on meta-analyses. Meta-analyses produce more accurate and less biased summaries than those provided by traditional reviews as shown by Cumming (2012) .
When possible, meta-analyses should be used in making decisions as to what variables to include; specifying the expected direction of the relationships; and specifying the nature of the functional form, ranges of magnitudes of relationships, and size of expected magnitudes of those relationships. It is also important to determine relationships that can be measured outside the model based either on common knowledge (for example, adjusting for inflation or transforming the data to a per capita basis) or on analyses of other data.
Analysts should use simple pre-specified rules to combine a priori estimates with estimates obtained from regression analysis (for example, one might weight each estimate of a relationship equally, then re-run the regression to estimate the coefficients for the other variables). This approach was recommended by Wold and Jureen (1953) , where it was called "conditional regression." I think of it as a 'poor man's Bayesian analysis." I prefer it to formal Bayesian forecasting methods because of its clarity about the nature of each causal relationship and the related evidence (and because I have a strong need for sleep whenever I try to read a paper on Bayesian forecasting.) In this paper, I refer to it as an a priori analysis.
In the mid-1960s, I was working on my PhD thesis at MIT. While the cost of regression analysis had plunged, it still involved punch cards and overnight runs. But the most time-consuming part of my thesis was the a priori analysis. Before doing any regression analyses, I gave John Little, my thesis advisor, a priori estimates of the coefficients for all variables in a demand-forecasting model. As it turned out, these purely a priori models provided relatively accurate forecasts on their own. I then used regression analyses of time-series, longitudinal, and household data to estimate parameters. These were used to revise the a priori estimates. This procedure provided forecasts that were substantially more accurate than those from extrapolation methods and from stepwise regression on the complete set of causal variables that were considered (Armstrong 1968a,b) .
Despite warnings over the past half-century or more (Zellner, 2001 , traces this back to Sir Harold Jeffreys in the mid-1900s), a priori analysis seems to be giving way among academic researchers to the belief that with enormous databases they can use complex methods and analytical measures such as R 2 and t-statistics to create models. They even try various transformations or different lags of variables to see which best fit the historical data. Einhorn (1972) concluded, "Just as the alchemists were not successful in turning base metal into gold, the modern researcher cannot rely on the 'computer' to turn his data into meaningful and valuable scientific information." Ord (2012) provides a simple demonstration of how standard regression procedures, applied without a priori analyses, can lead one astray.
Forecast accuracy and confidence
We have ample evidence that regression analysis often provides useful forecasts (Armstrong 1985; Allen and Fildes 2001) . Regression-based prediction is most effective when dealing with a small number of variables, large amounts of reliable and valid data, where changes are expected to be large and predictable, and when using well-established causal relationshipssuch as the elasticities for income, price, and advertising when forecasting demand. However, there are illusions that reduce the forecast accuracy and lead to overconfidence in regression analysis. I discuss five of them here:
Complexity illusion: It seems common sense that complex solutions are needed for complex and uncertain problems.
Research findings suggest the opposite. For example, Christ (1960) found that simultaneous equations provided forecasts that were more accurate than those from simpler regression models when tested on artificial data, but not when tested out of sample using real data. My summary of the empirical evidence concluded that increased complexity of regression models typically reduced forecast accuracy (Armstrong 1985, pp. 225-232) . Zellner (2001) reached the same conclusion in his review of the research. He also found that many users have become disillusioned with complicated models. For example he reported "the Federal Reserve Bank of Minneapolis decided to scrap its complicated vector autoregressive (VAR, i.e., Very Awful Regression) models after their poor performance in forecasting turning points, etc."
Evidence favoring simplicity has continued to appear over the past quarter century. Why then is there such a strong interest in complex regression analyses? Perhaps this is due to academics' preference for complex solutions, as
Hogarth (2012) and then add complexity only if there is experimental evidence to support the complication. And do not try to estimate relationships for more than three variables in a regression (findings from Goldstein and Gigerenzer, 2009, are consistent with this rule-of-thumb).
Illusion that regression models are sufficient: Forecasts are often derived only from what is thought to be the best model. This belief has a long history in forecasting.
For solutions, I call your attention to two of the most important findings in forecasting. First is that the naïve or no-change model is often quite accurate. It is to forecasting what the placebo is to medicine. This approach is especially difficult to beat in situations involving complexity and uncertainty. Here, it often helps to shrink each coefficient toward having no effect (but remember to re-run the regression to calibrate the constant term).
Second is the benefit of combining forecasts. That is, find two or more valid forecasting methods and then calculate averages of their forecasts. For example, make forecasts by using different regression models, and then combine the forecasts. This is especially effective when the methods, models, and data differ substantially.
Combining forecasts has reduced errors from about 10% to 58% (depending on the conditions) compared to the average errors of the uncombined individual forecasts .
Illusion that regression provides the best linear unbiased estimators: Statisticians have devoted much time to
showing that regression leads to the best estimates of relationships. However, studies have shown that regression estimates produce ex ante forecasts that are often less accurate than forecasts from "unit weights" models. Schmidt (1971) was one of the first to test this idea and he found that unit weights were superior to regression weights when the regressions were based on many variables and small sample sizes. Einhorn and Hogarth (1975) and Dana and Dawes (2004) show the conditions under which regression is and is not effective relative to equal weights.
One good characteristic of regression estimates is that they become more conservative as uncertainty increases. Unfortunately, some aspects of uncertainty are ignored. For example, the coefficients can "get credit" for important excluded variables that happen to be correlated with the predictor variables. Adding variables to the regression cannot solve this problem.
In addition, analysts searching for the best fit, and publication practices favoring statistically significant results often defeat conservatism. Thus, regressions typically over-estimate change. Ioannidis (2005 Ioannidis ( , 2008 provides more reasons why regressions over-estimate changes.
One solution is to combine forecasts, and among the alternative models, include the naïve model. In particular, for problems involving time-series, damp the forecasts more heavily toward the naïve model forecasts as the forecast horizon increases. This is done to reflect effects of the increasing amount of uncertainty in the more distant future.
Illusion of control:
Users of regression assume that by putting variables into the equation they are somehow controlling for these variables. This only occurs for experimental data. Adding variables does not mean controlling for variables in non-experimental data because many variables typically co-vary with other predictor variables. The problem becomes worse as variables are added to the regression. Large sample sizes cannot resolve this problem, so statistics on the number of degrees of freedom are misleading.
One solution is to use evidence from experimental studies to estimate effects and then adjust the dependent variable for these effects.
"Fit implies accuracy" illusion: Analysts assume that models with a better fit provide more accurate forecasts. This ignores the research showing that fit bears little relationship to ex ante forecast accuracy, especially for time series.
Typically, fit improves as complexity increases, while ex ante forecast accuracy decreasesa conclusion that Zellner Along the way, he dropped three outliers. The final regression had eight variables and an R-square (adjusted for degrees of freedom) of 0.85. Not bad, considering that the data were from Rand's book of random numbers (Armstrong 1970) .
I traced studies on this illusion back to at least 1956 in an early review of the research on fit and accuracy (Armstrong 1985) . Studies have continued to find the fit is not a good way to assess predictive ability (e.g., Pant and Starbuck 1990) .
The obvious solution is to avoid use of t, p, F, R-squared and the like when using regression.
Using regression for decision-making
Regression analysis provides an objective and systematic way to analyze data. As a result, decisions based on regression are less likely to be subject to bias, they are consistent, the basis for the decisions can be fully explainedand they are generally useful. The gains are especially well documented when compared to judgmental decisions based on the same data (Grove and Meehl 1996; Armstrong 2001) . However, two illusions, statistical significance and correlations, can reduce the value of regression analysis.
Statistical significance illusion: S&H incorporate the illusion due to tests of statistical significance. Meehl (1978) concluded that "reliance on merely refuting the null hypothesis . . . is basically unsound, poor scientific strategy, and one of the worst things that ever happened in the history of psychology Schmidt (1996) offered the following challenge: "Can you articulate even one legitimate contribution that significance testing has made (or makes) to the research enterprise (i.e., any way in which it contributes to the development of cumulative scientific knowledge)?" One might also ask if there is a study wherein statistical significance improves decision-making. In contrast, it is easy to find cases where statistical significance harmed decision-making. Ziliak and McCloskey (2008) The commonly recommended solution is to use confidence intervals and avoid the use of statistical significance. Statisticians argue that statistical significance provides the same information as confidence intervals. But the issue is how people use the information. Significance levels lead to confusion even among leading researchers. Cumming (2012, pp. 13-14) describes an experiment showing that when researchers in psychology, behavioral neuroscience, and medicine were presented with a set of results, 40% of 55 participants who used significance levels to guide their interpretation reached correct conclusions. In stark contrast, 95% of the 57 participants who thought in terms of confidence intervals reached correct conclusions.
Correlation illusion:
We all claim to understand that correlation is not causation. The correlations might occur because A causes B, or B causes A, or they are each related to C, or they could be spurious. But when presented with sophisticated and complex regressions, people often forget that; Researchers in medicine, economics, psychology, finance, marketing, sociology, and so on, fill journals and newspapers with interesting but erroneous-and even costly-findings.
In one study, we had an opportunity to compare findings from experiments with those from analyses of nonexperimental data for 24 causal statements. The directional effects differed for 8 of the 24 comparisons (Armstrong and Patnaik 2009 ). My conclusion is that analyses of non-experimental data are often misleading.
This illusion has led people to make poor decisions about such things as what to eat (e.g., coffee, once bad, is now good for health), what medical procedures to use (e.g., the frequently recommended PSA test for prostate cancer has now been shown to be harmful), and what economic policies the government should adopt in recessions (e.g., trusting the government to be more efficient than the market).
According to Zellner (2001) , Sir Harold Jeffreys had warned of this illusion, and, in 1961, referred to it as the "most fundamental fallacy of all."
The solution is to base causality on meta-analyses of experimental studies.
Discussion
An obvious conclusion from the study by S&H is to de-emphasize descriptive statistics for regression packages.
Software developers should provide statistics on the ability of alternative methods to produce accurate forecasts on holdout samples as the default option. They could allow users to click a button to access the traditional regression statistics, a warning label should be provided near that button. S&H, echoing Friedman, emphasize that scientific theories should be tested for their predictive ability relative to other methods. Ord (2012) deplores the fact that few regression packages aid in such analyses. It would be helpful if software providers would focus on ex ante testing by making it easy to simulate the forecasting situation.
For cross-sectional forecasts, use jackknifing-that is, use all but one data point to estimate the model, then predict for the excluded observation, and repeat until predictions have been made for each observation in the data. For timeseries, withhold data, then use successive updating and report the accuracy for each forecast horizon. These testing procedures are less likely to lead to overconfidence because they include the uncertainty from errors due to overfitting and errors in forecasting the predictor variables.
Software packages should provide statistics that allow for meaningful comparisons among methods (Armstrong and Collopy 1992) . The MdRAE (Median Relative Absolute Error) was designed for such comparisons and many software packages now provide this statistic, so it should be among the default statistics, along with a link to the literature on this topic. Do not provide RMSE (Root Mean Square Errors) as it is unreliable and uninformative. Allen and Fildes (2001) note that since 1985 there has been a substantial increase in the attention paid to ex ante forecast comparisons in published papers. This is consistent with the aims stated in the founding of the Journal of Forecasting in 1982, and subsequently, the International Journal of Forecasting.
Regression analysis is clearly one of the most important tools available to researchers. However, it is not the only game in town. Researchers made scientific discoveries about causality prior to the availability of regression analysis as shown by Freedman (1991) in his paper aptly titled "Statistical models and shoe leather." He demonstrates how major gains were made in epidemiology in the 1800s. For example, John Snow's discovery of the cause of cholera in London in the 1850s came about from "the clarity of the prior reasoning, the bringing together of many different lines of evidence, and the amount of shoe leather Snow was willing to use to get the data." These three characteristics of good science, described by Freedman, are missing from most regression analyses that I see in journals.
We would be wise to recall a method that Ben Franklin used to address the issue of how to make decisions when many variables are involved (Sparks, 1844) . 4 He suggested listing the variables related to the choice between two options, identify which option is better for each variable, weight the variables, and then add. Pick the option that has the highest score. Andreas Graefe and I have built upon Franklin's advice in developing what we call the index method for forecasting. The method relies only on a priori analysis (preferably experimental findings) to determine which variables are important and what is the direction of the effect for each variable. Franklin suggested differential weights, but the literature discussed above suggests that unit weights are a good place to start. Regression analyses can then be used to estimate the effects of an index score. The index model allows analysts to take account of "the knowledge present in a field" as recommended by Zellner (2001) . The few tests to date suggest that the index method provides useful forecasts when there are many important variables and substantial prior knowledge (e.g., see Armstrong and Graefe 2011) .
It can be expensive to do a priori analyses for complex situations. For example, I am currently involved in a project to forecast the effectiveness of advertisements by using the index method. I have spent many hours over a 16year period summarizing the knowledge. This led to 195 principles (causal condition/action statements), each based on meta-analysis when there was more than one source of evidence. The vast majority of them were sufficiently complex such that neither prior experience nor regression analyses were able to discover them. They were formulated thanks to a century of experimental and non-experimental studies. None of these evidence-based principles were found in the advertising textbooks and handbooks that I analyzed. Many are counter-intuitive and are often violated by advertisers (Armstrong 2011) . Early findings suggest that the index model provides useful forecasts in this situation. In contrast, regression analyses have met repeated failures in this area because there may be over 50 principles that were usedor misusedin an ad.
As S&H suggest, further experimentation is needed. We need experiments to assess the ability of alternative techniques to improve accuracy when tested on large samples of forecasts on holdout samples. Journal editors should commission such studies. Allen and Fildes (2001) provide an obvious starting point for research topics as they developed principles for the effective use of regression based on the existing knowledge. They also describe the evidence on the principles. For example, on the matter of evidence on one of the diagnostic statistics they state (p. Unfortunately, software developers typically fail to incorporate evidence-based findings about which methods work best, and statisticians who work on new forecasting procedures seldom cite the literature that tests the relative effectiveness of various methods for forecasting (Fildes and Makridakis 1995) . To make the latest findings easily available to forecasters, the International Institute of Forecasters has supported the ForPrin.com website. The goal is to present forecasting principles in a way that can be understood by those who use forecasting techniques such as regression.
S&H recommend visual presentationand Ziliak (2012) adds support. This seems like a promising avenue.
Consider, for example, the effectiveness of the communication provided by Anscombe's Quartet (see Wikipedia).
Conclusions
Do not use regression to search for causal relationships. And do not try to predict by using variables that were not specified in the a priori analysis. Thus, avoid data mining, stepwise regression, and related methods.
Regression analysis can play an important role when analyzing non-experimental data. Various illusions can reduce the accuracy of regression analysis, lead to a false sense of confidence, and harm decision-making. Over the past century or so, effective solutions have been developed to deal with the illusions. The basic problem is that the solutions are often ignored in practice. S&H shows that this pertains even among the world's leading researchers.
Researchers might benefit by systematically checking their use of regression to ensure that they have taken steps to avoid the illusions. Reviewers could help to make researchers aware of solutions to the illusions. Software providers should inform their users.
To me, S&H's key recommendation is to conduct experiments to compare different approaches to developing and using models. It is remarkable that so little experimentation has been done over the past century to determine which regression methods work best under what conditions. Arnold Zellner would not have been surprised by these conclusions.
